Abstract-In this paper, studies are presented on electrical tuning of
optical channels formed by the PDMS-based waveguides infiltrated with a liquid crystalline material. In particular, preliminary results are demonstrated of numerical simulations demonstrating changes in optical parameters of the waveguide channels when influenced by electric field applied via flat and IPS electrodes in order to fabricate photonic switches based on optical directional couplers. The first experimental trials of sputtering the ITO layer on PDMS substrate are also shown.
Polydimethylsiloxane (PDMS) [1] , characterized by high optical transparency and low surface energy, electric constant, and Young's modulus, is widely recognized as an interesting, high-quality organic material for microand opto-fluidic functional systems [2, 3] . Another advantage of applying PDMS is its cheap and easy processing owing to the fact that PDMS-based photonic devices are typically fabricated with the use of reliable technology based on standard soft photolithography [2] . In this way, complex microstructures can be successfully manufactured in such flexible polymeric substrates at much lower costs when compared to traditional glass-or semiconductor-based components, commonly applied in integrated optical systems. Moreover, typical technological processing of PDMS, based on a casting and molding technique, allows for pattern and sophisticated geometries to be easily achieved. It gives an opportunity of shaping the waveguides with possible bends and intersections, which is particularly useful when creating functional elements for integrated optics such as e.g. Y-and X-junctions, directional couplers and ring resonators. In principle, air-channels formed in PDMS can be additionally infiltrated with other liquid and gaseous materials. Specifically, what is particularly important in the analysed case, liquid crystals (LCs) may be successfully used as a guest (and moreover active) material to be introduced into microchannels formed in PDMS. In this context, LCs have been demonstrated as an effective medium to be applied as component elements (e.g. cores) in switchable and reconfigurable waveguides. In fact, this kind of photonic structures, taking advantage of high sensitivity to external fields and of nonlinear * E-mail: kasia@if.pw.edu.pl optical properties of LCs [4] , may in turn result in the realization of novel, low cost and low energy consuming integrated photonic devices. Since the already mentioned casting and molding technique is the most popular fabrication process to obtain well-defined microstructures in a PDMS material, the same procedure may be applied to form LC:PDMS photonic devices under consideration. The formation of air microchannels to be infiltrated with a nematic liquid crystalline material is schematically shown in Fig. 1 and described in detail elsewhere [5] [6] [7] . In order to increase its efficiency, the infiltration process is performed in vacuum, at a temperature above the nematic LC (NLC) clearing point, i.e. in its isotropic phase. Then, the sample is cooled down to room temperature. The inspection of resultant LC:PDMS waveguides under a polarized microscope, as shown in Fig. 2 , gives information about the molecular arrangement of the NLC inside PDMS channels. In fact, when analyzing a sequence of photos of the LC:PDMS waveguides observed between crossed polarizers, it is evident that NLC molecules are aligned hometropically with respect to each PDMS wall. This spontaneous molecular arrangement on the PDMS surface, appearing without any orienting layer, as observed previously by e.g. [8, 9] , is obtained mainly due to the low energy surface of the PDMS, which forces a minimum contact interface between the PDMS surface and strongly elongated NLC molecules of a rod-like shape. Molecular orientation inside the waveguide channels, as presented e.g. in Fig. 3 , has been found by assuming stiff homeotropic boundary conditions on PDMS walls and by performing numerical simulations with the use of a finite difference relaxation scheme. To be more precise, an alternative-direction successive over-relaxation (ADSOR) scheme [10] has been applied to find the solution of the Euler-Lagrange equation. The latter is in principle obtained as an effect of free energy minimization, while taking into account Frank's free energy of deformation and free energy related to molecular reorientation under the influence of external field(s) if applied [4] . Moreover, the multigrid method [10] has been applied together with the ADSOR scheme to make numerical simulations faster. With spatial distribution of the orientation angle θ retrieved in numerical simulations it is possible to find an effective refractive index spatial distribution within NLC cores for TE-and TM-like polarization in accordance to the following equation: 
where n o and n e are the ordinary and extraordinary refractive indices, respectively.
Taking above into consideration, it is easy to demonstrate that optical properties of LC:PDMS photonic structures can be relatively readily adjusted by changing the molecular orientation of NLC. As a possible solution one may consider an electric voltage application whose variation can be in principle used to tune light switching from one channel to another as eventually observed at the output of the LC:PDMS periodic structure.
To perform a proof-of-concept of such electrical tuning, two types of electrodes, namely flat and in-planeswitching (IPS), have been considered (see Fig. 5a ). Moreover, two different liquid crystalline materials, namely E7 and 1110 (both synthesized at the Military University of Technology, Warsaw, Poland), have been chosen as the ones to be used for infiltration. Their refractive indices in comparison to that of a PDMS material (Sylgard 184 from Dow Corning) [11] are presented in Fig. 4 . Please note that the 1110 NLC mixture is characterized by low birefringence (Δn=0.046 @ λ=589nm and 20 o C) and negative electric anisotropy (Δε= 1.2) at kHz frequencies. Analogous values for E7 NLC are Δn=0.264 and Δε=14.5, respectively. The elastic constant taken into calculations (within one elastic constant approximation) is equal to 20pN. The same numerical scheme, i.e. ADSOR combined with the multigrid method (MM), has been applied to calculate molecular reorientation under the influence of an electric field. For this purpose the following steps are required: (i) calculation of electric potential for a given molecular orientation inside the waveguide channels and for specific electrodes geometry (ADSOR+MM); (ii) calculation of spatial electric field distribution in the region within the electrodes (E x and E y components are simply calculated as the first derivatives of electric potential with respect to x and y direction; Fig. 5b) ; (iii) calculation of molecular orientation under the influence of the electric field applied (ADSOR+MM) applied for solve the suitable version of the Euler-Lagrange equation; Fig. 5c ). Such a resultant molecular arrangement within NLC cores allows for calculation of Fig. 5 . Scheme of the electrodes (a1-a2) and the electric field distribution (b1-b2) calculated numerically for the spatial molecular orientation arrangement presented in Fig. 3 . Graphs in a panel (c) demonstrates how the orientation angle is changing with the voltage for E7 and 1110 NLCs used for infiltrating the PDMS waveguide channels (the color-scale is the same as used in Fig. 2) . In a case of IPS electrodes different gaps between electrodes have been analyzed.
the effective refractive index for TM-and TEpolarization, simply as a function of the orientation angle, as described by Eq. (1). Electro-optically controlled LC:PDMS channels have been used to design different optical directional couplers as basic structures to get optical switches. In addition, numerical simulations based on BPM [12, 13] have been performed for different geometrical parameters of the waveguides channels and electrodes, as well as for different wavelengths, voltages, polarization states and liquid crystalline materials. It has been concluded that the coupling lengths in LC:PDMS based directional couplers can be easily tuned, reaching a reasonable length of less than one millimeter, by changing the above mentioned variables varying the voltage to obtain direct and on-line tunability of the devices. In order to obtain the electro-optical control of the directional couplers analyzed here, flexible electrodes have been fabricated by sputtering ITO on the PDMS, with different deposition times of 30s and more (up to several minutes), at the temperatures of 25 o C, 100 o C and 150 o C. As one can conclude from the photos shown in Fig. 6 , improper sputtering parameters may result in cracking and wrinkling of the ITO on the PDMS surface. For the best depositions (e.g. 30s at 150 o C), preliminary conductive ITO layers with a thickness of about 28nm have been obtained.
In conclusion, the electric tuning of LC:PDMS couplers is feasible, as based on numerical simulations showing LC molecular reorientation due to the electric field applied, as well as on experimental demonstration of a preliminary conductive ITO layer sputter on the PDMS surface.
